Metal-sulfur batteries hold practical promise for next-generation batteries because of high energy density and low cost. Development is impeded at present, however, because of unsatisfied discharge capacity and stability in long cycling. Combination of experimental and theoretical approaches can be used to develop insight into the relationship between electrochemical behavior of sulfur redox and metal stripping-plating and the structural properties of electrode materials. With metal-sulfur batteries, two-dimensional (2D) nanomaterials are a suitable model with which to connect and test experimental results with theoretical predictions and to explore structure-property relationships. Here, through the view of combining experimental and theoretical approaches, we explore sulfur redox conversion on 2D nanomaterials in various reaction stages and critically review crucial factors affecting 2D nanomaterials as artificial solid electrolyte interfaces (SEIs) and host materials in protecting Li and Na metal anodes. We conclude with a focused discussion on promising research orientations for developing high-performance metal-sulfur batteries.
INTRODUCTION
Rechargeable metal-sulfur batteries hold practical promise for next-generation batteries because of high energy density ($350 W h kg À1 , based on devices) and low cost of sulfur ($US$150 tonne À1 ) when compared with state-of-the-art lithium-ion batteries with a significantly lower energy density (<300 W h kg À1 , based on devices) and greater cost of active materials (e.g., LiCoO 2 : $$10,000 tonne À1 ). 1 The high energy density is attributed to the high theoretical specific capacities of elemental sulfur (1,673 mA h g À1 ) and metals such as Li (3, 860 mA h g À1 ) and Na (1,166 mA h g À1 ). [1] [2] [3] For example, lithium-sulfur (Li-S) batteries exhibit an average voltage of 2.15 V and can therefore deliver a theoretical energy density of $2,500 Wh kg À1 . This is significantly greater than for lithium-ion batteries. [4] [5] [6] [7] [8] Nevertheless, major obstacles for metal-sulfur batteries development are their unsatisfactory discharge capacities and stability. [9] [10] [11] For high-performance metal-sulfur batteries, highly reversible and efficient interfacial reactions on sulfur cathodes-electrolyte and electrolyte-metal anodes interfaces are crucial (i.e., on the cathode side, elemental sulfur 4 soluble metal polysulfides 4 insoluble metal sulfides; and on the anode side, metal stripping 4 plating). [12] [13] [14] The reversibility and kinetics of these complex heterogeneous reactions significantly depend on physicochemical properties and electronic structure of the interfaces. Recent advances have resulted in an improved understanding of the electrochemistry of the interfacial reactions at the atomic/molecular level based on a judicious
Progress and Potential
Li/Na-sulfur batteries hold practical promise for nextgeneration batteries because of high energy density and low cost. Significant progress has been made in understanding mechanisms of sulfur redox and metal stripping-plating with a judicious combination of experimental and theoretical approaches. Two-dimensional (2D) nanomaterials offer a suitable model to correlate experimental results with theoretical predictions and, importantly, with which to explore structureproperty relationships. Future research effort should focus on establishment of correlations between macroscopic conversion kinetics and electronic structure of the electrode materials with agreed standards and advanced combined experiments and theory. In addition, fabrication of three-dimensional (3D) electrodes from 2D materials might be a promising approach to promote the energy and power densities of the Li/Na-sulfur batteries and other metal-sulfur batteries. combination of experimental nanotechnology and computational quantum chemistry. 15, 16 For example, remarkable advanced in situ spectroscopy characterization techniques with high time resolution have allowed identification of specific sulfur intermediates and the tracking of dynamic conversion processes. A result is that a comprehensive view of sulfur conversion kinetics in various stages is obtained. 17, 18 With theoretical investigations, researchers are capable now of obtaining growing fundamental insight into the adsorption and reaction origin on cathode or anode interfaces between sulfur species or solvation Li + and the electrode material. For example, it is practically possible to obtain a series of adsorption energies and decomposition energies of sulfur intermediates for a particular stage, based on thermochemical models and transition-states theory via density functional theory (DFT) computations. A comprehensive review of critical factors impacting reversibility and kinetics of the interfacial reactions on cathodes and anodes is therefore timely.
Two-dimensional (2D) nanomaterials, as sulfur and metal host materials, have been demonstrated as a particularly promising material to facilitate reversible and accelerated cathode and anode interfacial reactions. [19] [20] [21] So far, fine-tuning of compositions and physicochemical and electronic properties of 2D nanomaterials can be achieved through defect engineering, heteroatom doping, heterostructure construction, and hybridization. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] One can synthesize 2D nanomaterials with a high density of electrochemical active sites that facilitate rapid sulfur redox or homogeneous metal stripping-plating. More importantly, 2D nanomaterials with a uniformly exposed lattice plane provide ideal and programmable computational models to connect experimental results with theoretical studies. Additionally, freestanding flexible films of uniform thickness fabricated by 2D nanomaterials can significantly boost the energy storage efficiency of metal-sulfur batteries for practical application. 32 Combining experimental and computational methodologies based on 2D nanomaterials has led to significant developments in lithium/sodium-sulfur (Li/Na-S) batteries over the years 2006-2019, as shown in Figure 1 . Importantly, this development has resulted in an increase in understanding of sulfur redox and metal strippingplating at the atomic level. Here, we review recent advances to boost electrochemical performance of Li/Na-S batteries from combining advanced experimental technologies and fundamental sciences. We show how a judicious combination of experimental and computational approaches can be used to understand crucial factors in Li/Na-S batteries and to direct a proof-of-concept design of 2D nanomaterials. We offer comprehensive insight into the structure-performance relationship of these nanomaterials in metal-sulfur batteries. We conclude with a focused discussion on promising research orientations for future development of high-performance metal-sulfur batteries.
SULFUR CATHODES
Sulfur cathodes have been conjugated with a range of metal anodes to develop various metal-sulfur batteries. Among them, Li/Na-S batteries are the most widely studied in recent years owing to their outstanding high energy density and low cost ( Figure 2 ). [33] [34] [35] [36] Nevertheless, a major practical challenge is the polysulfide ''shuttle effect'' on the sulfur cathode side. [37] [38] [39] This is a main cause of battery degradation because it leads to irreversible interfacial reaction on the sulfur cathodes. Soluble polysulfides generated in discharge can diffuse to the anode side and be reduced by metal anodes, and reduction products diffuse back to the cathode side. 40 More importantly, this results in loss of the active material of sulfur and consequently a low Coulombic efficiency (CE) with Li/Na-S batteries. 41 Additionally, the utilization of sulfur is largely reduced by its low electrical conductivity and resultant lithium/sodium sulfides, together with pulverization of the cathode resulting from a significant volume expansion during discharge. These problems are severe in cathodes with high sulfur loading and lean electrolyte. 42 The adsorption energies to polysulfides and kinetics of particular steps are widely considered as crucial factors impacting reversibility and kinetics of sulfur electrochemical redox on sulfur cathodes: for example, in Li-S batteries, crucial steps such as reduction of soluble lithium polysulfides to insoluble Li 2 S 2 /Li 2 S, Li 2 S decomposition, and Li 2 S 2 reduction to Li 2 S. These have been widely studied based on 2D nanomaterial models through combining experimental and theoretical approaches.
2D Metal-Free Supported Materials
Among the more widely studied metal-free materials in sulfur cathodes, graphene and hybrids possess several unique properties. These include (1) large theoretical surface area, (2) large modulus of elasticity, and (3) attractive thermal/electrical conductivities. These properties make graphene an ideal sulfur host material. 43 Early research on graphene in sulfur cathodes focused mainly on modification of the pore structure to provide physical confinement of the polysulfides. Dai and coworkers first developed a graphene and S composite electrode with surfactantdirected sulfur particles and graphene nanosheets. This resulted in sulfur particles with improved electrical conductivity and provided enhanced physical confinement of the polysulfides within the graphene. The resultant sulfur cathodes showed specific capacity of nearly 800 mA h g À1 with lifespan of 100 cycles. 44 Zhang and coworkers demonstrated that a graphene oxide and sulfur composite cathode exhibits strong sulfur chemical adsorption and, therefore, a prolonged lifespan of Li-S batteries. Soft X-ray absorption spectroscopy (XAS) measurements highlighted strong chemical interaction between S and these groups together with surface C atoms in GO. 45 One of the limitations of GO in sulfur cathodes, however, is that its electrical conductivity depends on its degree of oxidation. 46 To address this, significant research has focused on synthesis of GO with various functional groups and tailored porosity, or hybridization of graphene with other conductive nanomaterials. [47] [48] [49] [50] [51] Despite this, accomplishing enhanced polysulfide adsorption capability is a significant challenge on pristine GO.
To improve polysulfide adsorption on GO, heteroatom dopants can be introduced to boost interaction between GO and polysulfides. Zhang and co-workers highlighted that sulfur cathodes with N-doped graphene (NG) were effective for boosting polysulfide adsorption. Ab initio molecular dynamics (AIMD) computations implied that the polysulfide adsorption energies of the NG are greater than those for pristine graphene. Importantly, dominant pyridinic N and pyrrolic N in NG can form S x Li-N interactions with lithium polysulfides via N lone-pair electrons. 52 Li and co-workers reported a fundamental study on polysulfide adsorption origin on NG. Through systematic DFT computations on behavior of lithium polysulfide adsorption on NG with various N dopants, they showed that only NG with pyridinic N dopants interacts with the polysulfides. 53 Recently, Hou et al. employed systematic DFT computations to investigate the chemical origin of the polysulfide adsorption behavior on heteroatom-doped nanocarbon materials to establish design principles. These authors proposed that the formation of a ''Li-bond'' significantly enhances polysulfide adsorption and thereby effectively prevents the shuttle of polysulfides. 54 Furthermore, Zhang and co-workers identified this Li bond in sulfur cathodes via a combination of theoretical calculations and 7 Li nuclear magnetic resonance (NMR) measurements based on NG. They proposed for the first time a quantitative descriptor of chemical shift in 7 Li NMR to describe the Li-bond strength. The variations of chemical shift in NMR spectrum were in good agreement with the DFT results. Therefore, the theoretically predicted Li-bond strength was verified through experimental 7 Li NMR results ( Figures 3A and 3B ). 55 Later, Zhou et al. reported that an N/S co-doped graphene (N,S-G) sponge electrode provided strong polysulfide adsorption owing to a synergistic effect of nitrogen and sulfur dopants. A combination of physical confinement of lithium polysulfides in the porous graphene and the polysulfide chemical adsorption to N and S sites in graphene significantly prevented loss of sulfur. This resulted in a specific capacity of 1,200 mA h g À1 at 0.2 C and good lifespan of 500 cycles with nearly 100% CE ( Figure 3C ). 56 Recently, metal-free 2D nanomaterials have been utilized as a substrate to support low-concentration metal single atoms that exhibit boosted performance in sulfur cathodes. For example, Ni@NG was reported to have a lower barrier for Li 2 S decomposition than that for NG. The Ni-N-C moieties therefore facilitated formation and decomposition of Li 2 S in the discharge and charge process. Moreover, the low decomposition energy of Li 2 S on Ni@NG contributes to enhanced conversion kinetics of polysulfides through S x 2À ,,,Ni-N bonding. These properties resulted in significantly boosted rate performance and cycling stability in the Li-S batteries (Figures 3D-3F). 57 Another example can be found with Co single-atom-decorated NG at a high S mass loading (6.0 mg cm À2 ), in which Co@NG sulfur cathodes delivered a significant aerial capacity of 5.1 mA h cm À2 at 0.2 C together with a low capacity decay of 0.029% per cycle. 59 Other metal-free 2D nanomaterials have been widely studied in sulfur cathodes. For example, graphitic carbon nitride (g-C 3 N 4 ) is a 2D crystal with a layered structure with van der Waals interaction between the layers. Importantly, plentiful pyridinic nitrogen species in g-C 3 N 4 is considered crucial to improved polysulfide chemical adsorption. A seminal report was the synthesis of oxygenated carbon nitride for Li-S batteries: enriched nitrogen and micropores and mesopores in the material resulted in high sulfur utilization and stable long-term cycle life. 60 Quan et al. demonstrated electron transfer from electron-rich pyridinic N dÀ groups to Li + in the polysulfides using Li 1s X-ray photoelectron spectroscopy (XPS) ( Figure 3G ). DFT computations implied that the Li 2 S 2 is adsorbed via Li-N bonding, illustrated by a shortened bond length of 2.06 Å , in comparison with the average length of 2.14 Å . They pointed out that 53.5 atom % N concentration is sufficient to absorb all polysulfides of a sulfur cathode containing 75 wt % sulfur, and resultant sulfur cathodes of 0.04% capacity fade per cycle under 0.5 C in 1,500 cycles ( Figures 3H and 3I ). 58 Additionally, g-C 3 N 4 hybrids such as hybrid of graphene and g-C 3 N 4 were also investigated as host materials to promote electrochemical properties of sulfur cathodes. 61, 62 For other analogs to graphene, including graphdiyne and hexagonal boron nitride (h-BN), there is little reported research for electrochemical applications. This might be due to its low stability together with poor electrical conductivity. 63 Black phosphorus (BP) is semiconductor with a layered structure and a band gap of $2 eV that can be tuned through controlling thickness. Cui and co-workers reported a BP-coated commercial separator in which the BP, with descent electron conductivity and ultrahigh Li diffusion, trapped and activated polysulfides. The ex situ XPS results indicated that BP adsorbed polysulfides through both P-S and P-Li bonds. Significantly, DFT computations confirmed these experimental results. 64
2D Metal Oxides
Inorganic materials represent an attractive class of host materials for sulfur cathodes because they possess potential stronger adsorption energies to the polysulfides and more complex adsorption mechanisms to the polysulfides. [65] [66] [67] This presents an opportunity to boost adsorption and conversion kinetics of the polysulfides via a new mechanism. Early studies on the use of metal oxides as additives in sulfur cathodes were generally with nonconductive oxides that included Mg 0.6 Ni 0.4 O and SiO 2 . 68, 69 For example, Nazar and co-workers reported a rapid Li 2 S deposition during discharge on Ti 4 O 7 through a combination of operando XAS and electrochemical tests. This rapidity was attributed to an enhanced redox electron transfer on the Ti 4 O 7 that resulted in significantly reduced interfacial impedance. The authors concluded that ''adjusting sulfiphilic and metallic properties of inorganic additives was crucial to facilitate sulfur redox reaction.'' 70 Furthermore, these authors proposed a distinctive mechanism based on MnO 2 nanosheets as a redox mediator in the sulfur cathode ( Figure 4A ). Based on ex situ XPS results, thiosulfate surface species formed on the MnO 2 surface that reacted with the polysulfides to produce a polythionate complex and shorter polysulfides. MnO 2 therefore can act as a redox mediator to bind soluble polysulfides and facilitate conversion to Li 2 S via disproportionation. The resultant Li-S batteries exhibited a limited capacity decay of approximately 0.036% per cycle over 2,000 cycles ( Figures 4B and 4C) . 71 Cui and co-workers investigated systematically Li + diffusion properties on a series of nonconductive metal oxides decorated carbon flakes ( Figure 4D ). Significantly, a combination of electrochemical tests and DFT computations revealed fast polysulfide diffusion that induced controlled growth of Li 2 S and was essential for sulfur redox conversion. As a result, composite materials of MgO/C, La 2 O 3 /C, and CeO 2 /C nanoflakes showed greater capacity and better cycling performance in comparison with other studied metal oxides ( Figures 4E and 4F ). 72 More recently, extensive research attention has been given to the impact of geometric properties of surface metal oxides on polysulfide conversion. For example, oxygen vacancies have been considered to be beneficial in promoting polysulfide conversion kinetics in sulfur cathodes. 74 However, it was demonstrated that on ultrathin niobic acid, adsorption and conversion of polysulfides is hindered by the oxygen vacancies ( Figure 4G ). Results from a judicious combination of electrochemical tests and DFT computations attributed inferior performance of niobic acid to decreased electrical conductivity and weakened polysulfide adsorption, which is induced by oxygen vacancies (Figures 4H and 4I ). 73
2D Metal Sulfides
With development of syntheses for 2D metal dichalcogenides, metal sulfides have been explored for sulfur cathodes in recent times. [75] [76] [77] Metal sulfides have a number of major benefits that include (1) low lithiation voltages versus Li/Li + that is less likely to overlap with working voltage windows of sulfur cathodes, and (2) a largely metallic or half-metallic property that contrasts with that for metal oxides. For example, Pentlandite Co 9 S 8 exhibits a significantly good room-temperature conductivity of 290 S cm À1 . With dual-interaction based on S (from polysulfides)-Co and Li-S (from Co 9 S 8 ) between the polysulfides and Co 9 S 8, a low capacity fading of 0.045% per cycle in 1,500 cycles can be achieved. 78 Cui and co-workers demonstrated a 2D titanium sulfide (TiS 2 ) as an effective host material for Li 2 S. TiS 2 possesses high conductivity and polar Ti atoms that can potentially form Ti-S bonds. These result in strong interactions with Li 2 S/Li 2 S n species. 79 Transition metal dichalcogenides, a large group of 2D nanomaterials, have attracted significant research attention for sulfur cathodes, especially MoS 2 , owing to unique physicochemical and electronic properties and large surface area. A major development was understanding polysulfide adsorption on different sites of the 2D nanomaterials for controlled Li 2 S deposition via a combination of theoretical and experimental investigations ( Figure 5A ) . This work proffered guidance for design of 2D MoS 2 with improved metal-sulfur batteries. 80 Lee and co-workers studied the effect of sulfur deficiencies on the MoS 2 basal plane on sulfur redox conversion. They found that sulfur deficiencies boosted conversion of soluble lithium polysulfides. This decreased losses from the shuttle effect. As a result, a meaningfully small amount of MoS 2Àx /rGO (i.e., 4 wt % in the cathode) promoted simultaneously rating capacity and cycling stability. These findings provided strong evidence for the catalytic impact of MoS 2Àx /rGO in the sulfur cathode ( Figures 5D-5F ). 81 WS 2 was studied as a cathode material in Li-S batteries to allow relative high capacity and long lifespan ( Figure 5G) . A combination of electrochemical experiments and spectroscopic tests provided evidence that the edge sites of the WS 2 significantly facilitate adsorption and conversion of the polysulfides to lower-order Li 2 S 2 /Li 2 S (Figures 5H and 5I) . Significantly, the shuttle effect is suppressed during the discharge and charge. 82 A range of metal sulfides can be used in investigation of polysulfide adsorption behavior and conversion and offer insight into the energy barriers in these processes. Zhou et al. selected a series of metal sulfides as models to explore crucial parameters in determining the energy barrier for Li 2 S decomposition ( Figure 6A ). They demonstrated that the Li 2 S decomposition energy barrier was associated with the binding between Li + and the S atoms in metal sulfides. The resultant sulfur cathodes with VS 2 , TiS 2 , and CoS 2 exhibited greater capacity, lower overpotential, and better cycling stability when compared with the other metal sulfide-based electrodes (Figures 6B and 6C ). 83 Similarly, Chen et al. selected a series of transitional-metal sulfides as modes to obtain an in-depth understanding of adsorption origin to the polysulfides ( Figure 6D ). It was concluded that strong S bonds are induced mainly by electron transfer between metal atoms in metal sulfides and S atoms in lithium polysulfides, while Li bonds are induced by electrostatic interactions between them. The adsorption energies and Li-diffusion energy barriers are crucial factors for high-performance sulfur cathodes. VS 2 has the strongest adsorption ability on the polysulfides together with a low diffusion barrier among all the transitional-metal sulfides ( Figures 6E and 6F) . 84 Research has focused on soluble polysulfide conversion and Li 2 S deposition and oxidation. However, the importance of conversion from Li 2 S 2 to Li 2 S has been overlooked. Recently, Yang et al. reported a 2D nanomaterial of CoS 3 @NG (CoS 3 -S) as an effective electrocatalyst for electrochemical conversion from Li 2 S 2 to Li 2 S (Figure 6G ). Significantly, a combination of in situ XAS characterizations and DFT computations revealed that CoS 3 had strong interaction with sulfur species, and significantly low Li 2 S 2 dissociation energy, facilitating conversion of Li 2 S 2 to Li 2 S ( Figures  6H and 6I) . The sulfur cathode with high-sulfur-loaded electrodes (3-10 mg cm À2 ) with CoS 3 exhibited >80% sulfur utilization. This is a >20% increase compared with counterparts without CoS 3 . 85 Other 2D Materials In addition to 2D metal oxides and sulfides, other 2D materials such as 2D metal carbides, nitrides, phosphides, metal organic frameworks, and covalent organic frameworks with porous structure and strong chemical interaction with polysulfides have been used as metal-sulfur batteries. [86] [87] [88] [89] [90] [91] [92] Among these materials, MXene appears as a practical option. MXene is derived from a selective etching out of the A constituent to exfoliate MAX phases, where M, A, and X refer to early transition metal, group 13 or 14 element, and C and/or N, respectively, MXene exhibits high conductivity, large specific surface area, and strong interaction with polysulfides. 93, 94 Nazar and co-workers explored the surface chemistry of the polysulfides on titanium-based MXene phases ( Figure 7A ). Using a combination of XPS analyses and DFT computations, these authors demonstrated for the first time that prior to a Lewis acid-base interaction of the Ti-S bond, hydroxyl groups on the MXene surface facilitate conversion from the polysulfides to thiosulfate ( Figures 7B and 7C ). This finding of dual-mode behavior provided a new mechanism to confine polysulfides and to enable promoted cycling performance of the Li-S batteries. 95 Qiao and co-workers fabricated a 2D heterostructured MoN-VN as a new model sulfur host (Figures 7D and 7E) . Spectroscopic studies highlighted that Mo in MoN-VN heterostructures possess greater chemical interaction with the polysulfides than does Mo in MoN. Theoretical investigations underscored that the electronic structure modification of 2D MoN achieved by incorporation of V resulted in enhanced adsorption capability to the polysulfides on the 2D MoN-VN. Compared with the 2D MoN, the 2D MoN-VN heterostructure showed improved sulfur utilization efficiency and capacity retention. 96 Li and co-workers, similarly through a judicious combination of experimental and theoretical approaches, demonstrated VN with strong polysulfide chemical adsorption. These authors synthesized a threedimensional (3D) free-standing electrode with porous VN and graphene to achieve a significant rate performance of 956 mA h g À1 at 2 C ( Figure 7F ). 97 To study the effect of anions on polysulfide adsorption and conversion of various inorganics, Qian and co-workers systematically studied the kinetic behavior of Li-S chemistry on Co-based inorganics and deciphered the descriptor of the electrochemical results. DFT computations revealed that a shift of p-band centers highly significantly impacted the kinetics of interfacial electron transfer on Co-based inorganics ( Figure 7G ). Moreover, a scaling relationship was established between the energy gap of d-and p-band centers and redox potentials. This revealed that the anion p-band position and electronic structural engineering is critical for sulfur redox conversion ( Figures 7H and 7I ). 99 As a result, CoP anchored on hierarchical reduced graphene oxide (rGO) nanosheets (rGO/CoP) in sulfur cathode exhibits the lowest overpotential for polysulfide redox conversion, and CoP-based sulfur cathodes deliver a capacity of 417 mA h g À1 at 40 C, together with an unsurpassed power density of 137 kW kg À1 . 98 To boost both electron conduction and polysulfide adsorption properties, Nazar and co-workers reported lightweight MgB 2 dispersed along the graphene as a 2D composite sulfur host to fully utilize the surface of the MgB 2 . They showed that borides are unique in that both B-and Mg-terminated surfaces bond with S x 2À anions through DFT computations. The surface-mediated polysulfide redox behavior resulted in a significantly greater exchange current in comparison with MgO. By fabricating a high-surface-area composite structure via hybridizing MgB 2 with graphene, these researchers synthesized sulfur cathodes with stable cycling properties at a high sulfur loading of 9.3 mg cm À2 . 100
METAL ANODES
The acknowledged instability of the Li/Na stripping-plating interfacial reaction is considered to originate from the high reactivity with polysulfides and additives in organic electrolyte and significant volume change during the stripping-plating process. 101 These act together to form unstable solid electrolyte interfaces (SEIs) and uncontrollable growth of Li/Na dendrites that can lead to problems such as (1) low CE, (2) Li/Na powdering, and (3) internal short-circuits in Li/Na metal batteries. A significantly reduced lifespan and important overriding safety concerns with Li/Na metal anodes can act to limit practical application of Li/Na-S batteries. 2 The judicious combining of experimental studies and theoretical computational investigations can be used to reveal the chemical origin of reaction between the metal and solvents or additives in the electrolyte. This approach can be successfully used to predict stability of the SEI and thereby assist the search for and screening of appropriate compositions in the electrolyte. Additionally, 2D nanomaterials such as graphene and h-BN have been used to fabricate artificial SEIs. Advantages include (1) a light weight and large specific surface area, (2) high chemical stability, and (3) good mechanical strength. The SEI formed during the anode reaction can be stabilized on top of the artificial SEIs and the metal ions can be plated underneath the artificial SEIs. 102 Both these strategies improve CE. 2D nanomaterials as Li/Na hosts, with high porosity and lithiophilic or sodiophilic properties, have been demonstrated to enable homogeneous Li/Na nucleation and to block dendrite growth. 103
2D Materials in Li Metal Anodes
The structure and components of SEIs formed on Li anodes in Li-S batteries are distinctive from those in routine Li metal batteries because of the reactivity of lithium polysulfides with Li metal. This results in additional requirements of high resistance to lithium polysulfides and high Li loading to match sulfur cathodes for Li metal anodes in Li-S batteries. 104 In addition to strategies such as introduction of electrolyte additives and optimization of electrolyte components, artificial SEIs have been widely studied by combining experimental and theoretical approaches to protect the Li metal anode. For example, an artificial SEI fabricated by electroplating in electrolyte (based on LiTFSI, LiNO 3 and Li 2 S 5 ) was used to prevent side reactions ( Figure 8A ). Theoretical calculations showed that the highest occupied molecular orbitals (HOMOs) of SEI components were lower than the lowest unoccupied molecular orbitals (LUMOs) of the solvents, including 1,3-dioxolane/1,2-dimethoxyethane (DOL/DME) and ethylene carbonate/diethyl carbonate (EC/DEC) solvents (Figure 8B ). This indicates that the artificial SEI is stable against DOL/DME and EC/ DEC solvents. The resultant Li-S pouch cells showed significantly boosted capacity from 156 to 917 mA h g À1 and enhanced CE from 12% to 85% at 0.1 C compared with Li-S pouch cells without protection of the artificial SEI. 105 This study provides a valuable example of combining theoretical and experimental approaches to improve fundamental understanding of the mechanism of suppressing Li dendrite growth. This can be applied to design and formation of 2D artificial SEI. In addition, fabrication of artificial SEI and lithiophilic matrix with 2D nanomaterials has been extensively studied. [106] [107] [108] [109] [110] For example, Reza and co-workers demonstrated a facile application of defective GO on Li anodes. DFT computations and AIMD simulations indicated that lithiophilic GO enhances Li + adsorption and diffusion to the Li anode surface through defect sites on the GO ( Figure 8C ). Phase-field modeling showed that defective GO with good mechanical property can physically block the Li dendrite growth ( Figure 8D) . A dense and uniform plating of Li and significant improvement in cyclability and stability was achieved. Overall findings suggest that the lithiophilic and defective nature of the GO coating have a synergic effect in protecting the Li anode as artificial SEIs. 111 Kim et al. used phosphate functional graphenes to design artificial SEIs that improve Li anode stability. This artificial SEI stabilized Li migration through a favored interaction of the Li with pyrophosphates, metaphosphates, and phosphorus species. 112 The concept of lithiophilicity has been a dominant indicator in estimating the Li host properties since Cui and co-workers pioneered in fabricating layered Li-GO composite films through thermal infusion. 116 Recently NG has been reported as the Li plating matrix in Li anodes that assists to regulate the nucleation of Li metal and therefore suppresses the growth of Li dendrites. Among the different configurations in NG, the lithiophilic pyridinic and pyrrolic nitrogen were demonstrated to facilitate uniform nucleation and distribution of Li on the anode surface. With this modification a dendrite-free morphology is achieved on the Li metal anode, and consequently a high CE of 98% in 200 cycles. 117 Zhang and co-workers proposed a descriptor of log(0.5 3 electronegativity + local dipole) for Li binding energy on doped graphene by combining NMR spectra and DFT computations. They showed that a dopant with a large electronegative and a strong local dipole directly delivered a large binding energy ( Figures 8E and 8F ). Li nucleation overpotential tests confirmed that the O doping carbon frameworks possessed excellent lithiophilicity. This was also evidenced by transmission electron microscopy images. 113 In addition to graphene, other 2D nanomaterials with homogeneous Li nucleation sites have been explored to protect the Li metal anode. For example, Yang and co-workers have reported uniform nucleation of Li@g-C 3 N 4 coating on 3D collector. They emphasized that the inherent negative electric fields on the g-C 3 N 4 possesses a strong ability to adsorb Li + as was confirmed through DFT computation. The uniform electric field induced by the high N content results in homogeneous Li nucleation sites, promoting homogeneous Li nucleation. The resultant Li anode had a high CE of 98% and an ultralong lifespan with a high capacity of 9 mA h cm À2 . 118
2D Materials in Na Metal Anodes
The Na dendritic nucleation-growth mechanism and SEI components on Na metal anode in room-temperature (RT) Na-S batteries are not analogs to those for Li-S batteries and have been poorly elucidated. This is due to the different intrinsic atomic and physicochemical properties of metal Na and metal Li. 119 Importantly, because of the high reactivity of Na with solvent and additives in the electrolyte, the formation of a stable SEI could actually play a more important role in protecting Na metal anodes than in Li metal anodes. 120, 121 This would also mean that computations, such as adsorption energy and diffusion barriers in Li metal anode, are oversimplified for Na plating. It is significant that the protection of Na metal anodes is discussed rarely in the general field of RT Na-S battery research. Therefore, here we have focused more generally on Na metal anodes.
Despite the fact that strategies applied in Li anodes are not aligned to Na anodes, several researchers have demonstrated that alloying is effective in avoiding Na dendrites due to the low melting point of Na. 122, 123 In addition, the thermal infusion approach was used successfully in fabricating controllable Na-rGO composite anodes. Compared with the pristine Na metal, the mechanical strength and electrochemical stability of Na-rGO anodes were boosted. 124 In the search for 2D nanomaterials as artificial SEIs, Zhang and co-workers concluded that to make a compromise between metal ion diffusion and acceptable mechanical property is important. In general, the diffusion barrier strongly depends on the size of the hollow atomic ring in 2D nanomaterials. In addition, electronic structure can significantly impact barriers to ion diffusion. For example, although structures and atomic bond lengths of defective h-BN and graphene are similar, the former enables significantly better ion diffusion compared with the latter ($24 orders of magnitude greater). Additionally, improving ion diffusion through introducing defects or pores decreases the mechanical property of the 2D materials to suppress Li/Na dendrite growth ( Figures 8G and 8H ). 114 Notably, in subsequent research it was shown that defective graphene catalyzes SEI formation on the Na anode. The authors compared the defective graphene with nanopores and pristine graphene and found that the former led to a thicker SEI than the latter. This resulted in a significant overpotential and low CE during subsequent Na plating-stripping, and promoted growth of metal dendrites and electrical shorting. 125 More recently, a facile and versatile strategy was demonstrated by synthesizing a sodiophilic interphase. Through DFT computations, this facilitated a homogeneous Na nucleation and lateral Na plating to form dendrite-free Na metal anode ( Figure 8I ). The resultant Na anode exhibited an ultrahigh specific capacity that approached the theoretical capacity and an ultralong lifespan of up to 3,000 cycles. 115 
SUMMARY AND OUTLOOK
Through a combination of advanced experimental characterization techniques and theoretical computations based on 2D nanomaterials, an in-depth understanding of sulfur redox and metal stripping-plating and the structure-properties relationships in metal-sulfur batteries have been obtained. Crucial factors such as adsorption energy, diffusion barrier, and electronic structure have been widely investigated from a theoretical viewpoint using DFT computations to assess the performance of various materials, especially sulfur cathodes (Figure 9 ). In addition, other computational methods such as AIMD have been used to reveal microscopic sulfur redox kinetics. [126] [127] [128] At the same time, a broad spectrum of spectroscopic characterization, electron microscopy techniques, and electrochemical methods have been used on a range of 2D nanomaterials to investigate relationships between surface physicochemical properties and dynamic conversion of intermediates species on cathodes and anodes. It is now possible to practically tailor geometric and physicochemical properties of 2D nanomaterials to boost the electrochemical performance of metal-sulfur batteries using strategies such as the introduction of dopants or defects and fabricating hybrids and heterostructures ( Figure 10 ). However, a number of issues remain.
1. Missing descriptors: these are needed to link macroscopic conversion kinetics and microscopic electronic structures in cathode and anode materials. Theoretical computations have therefore only occasionally been used to predict electrochemical performance. This is partially due to a limitation of current computing power and the complexity of the cathode and anode interfacial reaction, together with the wide range of physicochemical properties of current 2D nanomaterials. 2. Agreed standards: these are needed to evaluate electrochemical behavior at the atomic level. To correlate microscopic physicochemical and electronic properties of 2D materials, and electrochemical performance in sulfur cathodes or metal anodes, identical standards are essential for both evaluation and comparison. For example, specific surface area of 2D nanomaterials and resultant electrochemically active surface areas of synthesized electrodes highly significantly impact electrochemical performance. An agreed standard will obviate the impact of the differing number and density of electrochemical active sites, and more accurately permit comparison of intrinsic activities of sites and establish accurate property-performance relationships. 3. Accelerated combined experiment and theory: this is needed to develop further the proven fruitful approach. A combination of advanced in situ characterization techniques, operando theoretical computations, and microscopy is needed to accelerate research to better understand conversion kinetics of sulfur intermediates and Li/Na stripping-plating. The properties of 2D nanomaterials might change dynamically during discharge and charge. For example, in situ XAS is a powerful tool that can be used to detect various sulfur intermediates and dynamic chemical structures of 2D materials. Resulting information will be of significant value to determine reaction mechanisms and to guide the design of cathode and anode materials. 4. 3D electrodes from 2D nanomaterials: this might be a practical approach to meet requirements for metal-sulfur battery commercialization. Sulfur cathodes and metal anodes with high mass loading and content of active materials are highly desired in practical applications. Theoretically, 2D nanomaterials possess a promisingly large active surface area to host sulfur and metal. Nevertheless, a part of the electrochemical active sites on 2D nanomaterials Figure 10 . 2D Nanomaterials Design for Li/Na-S Batteries by Combining Experimental and Computational Approaches might be blocked in routine slurry electrodes. A promising approach might be fabrication of 3D electrodes from 2D nanomaterials with optimized pore volume and pore structure to take full advantage of their large surface area. Importantly, the 3D cathodes with a high sulfur loading (>6 mg cm À2 ), high sulfur content (>70%), and low porosity (<70%) are essential to improve volumetric energy density of the metal-sulfur batteries so as to be comparable with commercial Li-ion batteries ($600 Wh L À1 ). 129 Notably, the large surface area of 2D nanomaterials would result in electrolyte depletion. Therefore, controlling the electrolyte content to an acceptable level is another crucial factor in promoting the energy and power density of metal-sulfur batteries. 5. 2D nanomaterials to develop other metal anodes for metal-sulfur batteries: for example, although mechanisms of potassium stripping-plating in corresponding potassium-sulfur batteries have been rarely studied, the use of artificial SEI and host materials has proved effective in K-metal anode protection. With multivalent metal-sulfur batteries such as Mg/Ca/Al-S, strategies might need to be different to develop metal anodes. For example, although the Mg deposition is nondendritic, sluggish kinetics of Mg-ion transfer in SEI results in an electric and ionic nonconductive film on Mg metal surface. This leads to uselessness of the Mg anode. 2D nanomaterials as artificial SEIs can act as an ion sieve membrane to conduct metal ions and prevent surface passivation on the multivalent metal anodes. The impact of additives and solvents on metal ion diffusion barriers in SEIs could be better understood through transition-state computations and AIMD simulations.
Based on overall findings from 2D nanomaterials, we could expect the establishment of structure-capacity and structure-stability relationships, together with increased insight into the mechanism of sulfur redox and metal stripping-plating from applying a judicious combination of advanced characterizations, electrochemical experiments, and theoretical computations. Resulting fundamental understanding of interfacial reactions on sulfur cathodes and metal anodes will speed up the design of 2D nanomaterials to boost electrochemical properties in metal-sulfur batteries and in wider environmental sciences and energy conversions.
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